Presumably as an adaptation for mouthbrooding, many cichlid fish species have evolved a prominent sexual dimorphism in the adult head. Since the head of fishes serves as a bow during locomotion, an evolutionary increase in head volume to brood more eggs can trade-off with the hydrodynamic efficiency of swimming. Here, the differences between males and females in threedimensional shape and size of the external head surfaces and the effect thereof on drag force during locomotion was analysed for the Nile tilapia (Oreochromis niloticus), a maternal mouthbrooder. To do so, three-dimensional body surface reconstructions from laser scans and computational fluid dynamics simulations were performed. After scaling the scanned specimens to post-cranial body volume, in order to theoretically equalize propulsive power, the external volume of the head of females was 27% larger than that of males (head length þ 14%; head width þ 9%). These differences resulted in an approximate 15% increase in drag force. Yet, hydrodynamics imposed important constraints on the adaptation for mouthbrooding as a much more drastic drop in swimming efficiency seems avoided by mainly enlarging the head along the swimming direction.
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Introduction
Trade-offs between different functions of the head are of central importance in the evolution of one of the textbook examples of adaptive radiations: the cichlid fishes (Cichlidae) of the Great Lakes of Africa [1, 2] . Cichlid radiations have evolved as a rapid differentiation of a single ancestor into an array of species that differ in traits used to exploit their environments and resources [3, 4] . Identifying trade-offs in the performance of ecologically relevant functions is basic to our understanding of the evolutionary processes associated with species radiations [5, 6] .
While several studies have shown that head shape evolution is strongly affected by feeding habits [1, 2] , the head of cichlids is not only used to capture and process food. Many species perform mouthbrooding: a form of parental care where one of the sexes protects and ventilates the eggs inside the mouth cavity [3, [7] [8] [9] , which is often linked to a sexual dimorphism of the head [9] [10] [11] . As the head also serves as a bow during locomotion, a streamlined shape of the head will increase swimming efficiency by reducing the pressures formed in pushing water aside for the fish to pass.
Adaptation of the shape and size of the head to improve mouthbrooding performance may trade-off with the head's performance in reducing hydrodynamic drag during swimming or station holding in flowing waters. In other words, increases in buccal volume to accommodate a larger number of eggs [12] or to improve the respiratory efficiency of both the eggs and the brooding parent [13, 14] could cause the head of the mouthbrooding sex to deviate further from the optimally streamlined shape, compared to the non-mouthbrooding sex. Here, we test whether locomotion performance poses constraints on the evolution of head shape in the Nile tilapia (Oreochromis niloticus), a maternally mouthbrooding species. To do so, the three-dimensional shape of the head was quantified, subjected to hydrodynamic simulations, and compared between males and females.
Material and methods

Three-dimensional laser scanning
Six adult male (97 + 22 g; mean + s.d.) and female (56 + 6 g) O. niloticus were selected (avoiding curved trunks or tails) from a larger sample of alcohol-preserved specimens at the Royal Museum for Central Africa (Tervuren). These specimens are presumably of the same age, as our sample reflects the intersexual difference in growth rate and maximal body length in tilapia. They originated from the Station de Pisciculture IDESSA in Bouaké (Ivory Coast; 1989). The specimens were scanned using a FARO Laser ScanArm V2 system (FARO Benelux, Eindhoven).
Head and body surface reconstruction
The obtained point clouds were converted into triangulated surfaces using Geomagic Studio 10 (Geomagic Inc., Research Triangle Park). The models were aligned to a posterior to anterior axis (mid-tailfin to the mouth centre) of which the origin was translated until it intersected the posterior edges of the opercula. Volumes were calculated using GEOMAGIC software after sectioning the models into a head (anterior of the origin) and a body (posterior of the origin; electronic supplementary material). Surface files (.stl) from scanning are available from the Dryad Digital Repository (http://dx.doi.org/10.5061/dryad.c402q).
The models were scaled isometrically to the same body volume (excluding the head). This scaling procedure was chosen specifically in the context of the trade-off in head shape and size in relation to swimming. As the volume of the body will almost inevitably be strongly correlated with muscle mass, and thus also with the available propulsive power and work, the latter is normalized via this scaling procedure.
Numerical calculation of hydrodynamic drag
Simulations of a three-dimensional steady water flow of 0.5 m s 21 (approx. two body lengths per second) over the stationary models were performed using computational fluid dynamics (CFD). A cylinder of 1.8 m long with a diameter of 0.4 m was used as the flow domain, with a velocity inlet at the front and a pressure outlet at the back. The standard, no-slip boundary condition was enforced at the fish surface. A slip velocity of 0.5 m s 21 was set at the longitudinal boundaries of the cylinder. The finite volume mesh of the water surrounding the fish model (which underwent a standardized simplification of the fins, smoothing and removing of left -right asymmetry; electronic supplementary material) consisted of about 10 million tetrahedral cells and was created using TGrid v. 14.5 (ANSYS, Inc., Canonsburg). ANSYS Fluent v. 14.5 was used to solve the Reynolds-averaged Navier -Stokes and continuity equations, including Menter's shear stress transport equations to account for the effects of turbulence at intermediate Reynolds number flows. Mesh density convergence was confirmed via simulations with more and less refined size settings. As calculated drag coefficients for a sphere (0.43) and a cube (1.01) at a similar Reynolds number (75 000) closely matched force sensor data (respectively, 0.47 and 1.05 [15] ), the CFD model was validated. Simulations were run for an averaged male and female (minimal perpendicular distances from the new surface elements to the individual scans; polygon averaging function in Geomagic), and for an average male and female head stitched to the overall average body (see the electronic supplementary material) to remove potential effects of irrelevant morphological variation in our sample. Finally, by gradually changing the length, width and height of the males' average head, the effects of morphological changes on drag force were further evaluated.
Results
The shape and size of the head differed significantly between males and females after scaling the models to body volume (figure 1). The volume of the head was 27 + 8% larger (mean + s.d.; p , 0.0005) in females compared with males. The increase was mostly due to an increase in head length (14 + 5%; p , 0.001), combined with an increase in head width (9 + 3%; p , 0.0001). Head height did not differ significantly between males and females ( p ¼ 0.65).
The scaled, averaged model surface of the scanned females had 21.5% increased drag force (24.1 mN) compared with the males' average model (19.8 mN) during fast, rectilinear gliding conditions (0.5 m s 21 ; figure 2a ). This difference reduced to 15.2% when the average female and male heads were used with a unisex-averaged body (23.9 mN and 20.1 mN, respectively). The latter corresponds to drag coefficients (based on projected frontal area) of, respectively, 0.146 and 0.136. A similar trend of a mean 12% increase in drag force for females versus males was observed in simulations based on the original scans of the individual specimens. The analysis of the sensitivity of drag force to changes in the size of the head along each of the three orthogonal axes (figure 2b) revealed that increasing the length of the head only has a negligible effect on streamlining performance. In fact, the male head lengthened by 20% outperformed all other models (23% in drag force compared to the original male model). However, size increases in the other two dimensions resulted in drastic increases in drag force. Increases in head width had the strongest effect: a 10% increase in width caused the drag force to increase by 17.7%. The effect of increased head height was less severe, with a 4.6% increase in drag force for a 10% higher head at the level of the opercular slits (figure 2b).
Discussion
Our analysis showed that increases in the external dimensions of the head can have a profoundly negative effect on drag reduction by the shape of the head (figure 2). Therefore, a potential trade-off occurs between head enlargement for mouthbrooding and drag-reduction performance. However, by predominantly lengthening the head to form a sharper bow, drastic losses in drag-reduction performance seem avoided by the Nile tilapia: despite the 27% increase in head volume of females (the mouthbrooding sex) compared to males, drag force during swimming only increases by about 14%. This relatively small increase in drag force is solely caused by the 9% widening of the female head, as head lengthening has virtually no effect on drag force (figure 2b) and head height remains identical ( figure 1) . If the observed volume increase would have been completely realized by head widening, an increase in drag force of about 70% could be expected (figure 2b). It is therefore likely that, in order to avoid energy losses during locomotion, a strong selection pressure will act to limit head widening.
Although this study is the first to quantify head shape dimorphism in three dimensions, similar intersexual differences in the length of the head were observed in two-dimensional analyses of other mouthbrooders. Two Haplochromis species endemic to Lake Victoria [9] , and several Lake Tanganyika populations of Tropheus [10] also showed a forward shift of the oral jaws. A similar sexual dimorphism was also observed for paternal mouthbrooding cardinalfishes, where males possessed longer heads, snouts and jaws than female conspecifics irrespective of body size, trophic group or evolutionary history [11] . Consequently, head elongation appears to be commonly associated with mouthbrooding in several ray-finned fish taxa. Note that mouthbrooding may not be the only function influencing head shape dimorphism in O. niloticus: since biting force increases with shorter jaws [9] , and aggressive 'nipping' occurs most frequently between conspecific males [16] , males probably benefit more from a shorter head than females.
While female O. niloticus is carrying brood, the volume of the mouth cavity is further brought into an enlarged state [17] . As this period lasts between 10 and 15 days in Oreochromis [13] and the time between the start of two consecutive spawnings in the wild can vary from 24 to 84 days [3] , mouthbrooding occurs during a significant lifetime fraction (12 -62%) in adult females. Interestingly, these temporary modifications in head posture occur mainly in the other directions than the main sexual dimorphism observed in this study for animals outside the breeding period: increased dorsoventral height of the head due to the hyoid apparatus pushing ventrally on the protractor hyoidei muscles, and widening of the head caused by lateral abduction of the suspensorium and gill arches [17] . However, while carrying the fry, the scope for sustained aerobic swimming is significantly reduced due to impaired oxygen uptake [14] . As some of the hydrodynamically very inefficient head shapes (drag force . 50%) reported in our sensitivity analysis (figure 2b) may actually apply during brooding, our study suggests that there is also a significantly increased mechanical cost to swimming or station holding at this stage. 
Conclusion
We showed that elongation of the head is the optimal solution to create additional buccal volume without compromising the energetic efficiency of swimming. Out of several options (increase in length, width or height), the pathway of least hydrodynamic resistance (i.e. lengthening) was taken in the evolution of the volume increase of the adult head of the mouthbrooding sex in Nile tilapias, a pattern of morphological change seemingly shared with other cichlid and cardinalfish mouthbrooders.
